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Increased oxygen radical and eicosanoid formation in immune-medi-
ated mesangial cell injury. To evaluate whether monocytes/macro-
phages derived from glomeruli could be a source of increased ei-
cosanoid and free oxygen radical formation in glomerular disease,
monocytes/macrophage (M/M) were isolated from nephritic glomeruli
and their in vitro generation of eicosanoids and superoxides were
measured. Glomerular immune injury was induced by i.v. injection of a
rabbit-anti-rat thymocyte antiserum (ATS). Kidneys were removed
two, five, and 24 hours, and three and eight days after ATS. Adhesive
glomerular macrophages were obtained by isolation of glomeruli. enzy-
matic digestion and incubation of the single cell suspensions in culture
dishes. 02-production was evaluated by superoxide dismutase (SOD)-
inhibitable reduction of ferricytochrome C; POE2 and TxB2 release was
assessed by direct RIA. Glomerular macrophage infiltration was max-
imal 24 hours after intravenous antibody (35.9 5.1 M/M per glomer-
ulus). In vitro production of superoxide was significantly enhanced (P <
0.001) five hours after ATS administration (51.6 4.4 nmol 02/106
MM/hr), when compared with M/M from controls (30.4 2.0 nmol
02/106 MM/hr). TxB2 formation of glomerular M/M was increased (P <
0.001) two hours and five hours after ATS administration (1056 75 and
1182 112 pg TxB2/106 MM/hr) compared with controls (390 34 pg
TxB2/l06 MM/hr). PGE2 synthesis, however, was decreased (P < 0.01)
at five hours after ATS (629 43 pg PGE2/106 MM/hr) compared with
controls (950 125 pg PGE2/106 MM/hr). Furthermore, there was
release of leukotriene B4 (LTB4) in monocytes of nephritic glomeruli
five hours after ATS administration. These data demonstrate that
monocytes/macrophages from nephritic glomeruli release increased
amounts of superoxide and thromboxane B2, whereas prostaglandin E2
synthesis is decreased. These alterations might contribute to the
hemodynamic and structural lesions in this model of glomerular injury.
Eicosanoids and reactive oxygen metabolites are inflamma-
tory mediators in several models of experimental glomerular
immune injury [1—61. Both mediators are involved in the alter-
ation of glomerular hemodynamics [1, 3, 7] and the develop-
ment of proteinuria [8, 9] in glomerular disease. Following the
induction of an inflammatory glomerular lesion, mediated by
antibody binding and complement activation, eicosanoid forma-
tion is increased in whole glomeruli 4, 101.
In some animal models this increased mediator production
can be attributed to increased production by resident glomeru-
lar cells following the immune attack [4]. In other animal
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models immune complex formation and complement activation,
however, is followed by the infiltration of bone marrow-derived
inflammatory cells like polymorphonuclear granulocytes El 11,
monocytes [12], platelets [13] or lymphocytes [14]. These
inflammatory cells all contribute to the glomerular structural
and functional damage in glomerulonephritis, at least in part
due to the release of autocoids [7, 15]. With regard to the
formation of eicosanoids and reactive oxygen metabolites is the
possible relative contribution of inflammatory cells in immune
glomerular injury undefined, even though a role for monocytes!
macrophages has been proposed [16, 17].
We therefore evaluated in a rat model of glomerular immune
injury, which is characterized by monocyte infiltration and
increased glomerular eicosanoid formation, whether mono-
cytes/macrophages derived from glomeruli could be a source of
stimulated mediator production.
These studies demonstrate that monocytes/macrophages
from nephritic glomeruli have a stimulated formation of throm-
boxane B2 and free oxygen radicals and might therefore con-
tribute to the increased formation seen in isolated glomeruli.
Methods
Experimental protocols
Immune-mediated mesangial cell injury. The mesangial cell
lesion was induced in male Wistar rats (180 to 200 g) by i.v.
injection of 5 mg!lOO g body weight of an IgG preparation of
rabbit anti-rat thymocyte antiserum (ATS), as described earlier
[7]. Control rats were treated with an equivalent amount of
non-immune rabbit-IgG.
Isolation of glomerular cells. Two, five and 24 hours, and
three and eight days after the induction of the nephritis the
kidneys were removed. For each preparation six kidneys were
used. Glomeruli were isolated by a sieving technique as de-
scribed earlier [18]. The glomeruli were digested by enzymatic
treatment [19, 20]. Whole glomeruli were incubated for 20
minutes in 15 ml Hanks buffered salt solution with Ca2/Mg2
(HBSS; Seromed, Germany) containing 0.5 mg/mI Trypsin
(type III, Sigma, Germany), 1 mg/mI collagenase (type 1,
Seromed) and 0.1 mglml deoxyribonuclease (type I, Sigma).
After washing with HBSS without Ca2/Mg2 the glomeruli
were incubated in 15 ml 2 mivi EDTA (Sigma) in the same buffer
for 30 minutes. The supernatant with single cells was removed
and kept on ice. The partially digested glomeruli were incubated
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in HBSS without Ca2/Mg2 containing 0.66 mg/mi collagenase
for 20 minutes. The cell preparation was then passed two times
through a 23-gauge needle to obtain a single cell preparation.
After pooling with the EDTA supernatant the cells were washed
in Dulbecco's MEM with 10% FCS (Gibco, Germany), sodium
pyruvate, penicillin and streptomycin (all Gibco). The cells
were counted and diluted in the same medium in different
concentrations. Cell viability was assessed by trypan blue
exclusion.
The cells were incubated at 37°C under 4% CO2 in 35
mm-plastic culture dishes (Nunc, Germany) using concentra-
tions between 1 x 106 and 30 X 106 cells per dish. After one
hour the nonadhesive cells were removed by washing three
times, and the adherent cells were cultured overnight.
Superoxide generation. Generation of superoxide was mea-
sured by superoxide dismutase (SOD) inhibitable reduction of
ferricytochrome C as described [21]. The adherent cells were
incubated for one hour in 1.5 ml HBSS with Ca2/Mg2
containing 30 mg/mI cytochrome C (Sigma). Phorbol myristate
acetate (PMA; Sigma) was added to a final concentration of 2
g/ml for stimulation of superoxide generation. PMA was
initially dissolved in 2 mg/mI DMSO. To avoid reduction of
superoxide 10,000 U/mi Catalase (Sigma) was added. Incuba-
tions with SOD (Sigma) in a concentration of 40 j.d/ml were
performed as controls. After centrifugation the absorbance of
the supernatants was measured at 550 nm. The production of
superoxide was calculated from the extinction coefficient E550
= 2.1 x io M1 cm'. After measurement supernatants were
frozen at —20°C for evaluation of PGE2, TxB2 and LTB4
production.
To evaluate whether resident cells contribute to superoxide
formation in the nephritic glomerulus, we additionally culti-
vated nonadhesive cells after separation from adherent macro-
phages. Stimulation with PMA and measurement of superoxide
generation were performed as described above.
Eicosanoid generation. PGE2, TxB2 and LTB4 were deter-
mined by direct radioimmunoassay in the supernatants without
prior extraction or chromatographic separation. The assay
procedures used were described earlier [221.
Counting and characterization of adhesive glomerular cells.
The adhesive glomerular cells were washed with PBS and fixed
in methanol/aceton 1/1 for five minutes. Staining was performed
with Giemsa for cell counting. In several experiments cells were
stained with the monoclonal antibody ED 1, a specific marker
for rat monocytes and macrophages [23].
Statistical analysis
All data are given as means SEM. Statistical analysis was
performed with the unpaired Student's t-test with comparison
of multiple variants when applicable [24]. A P value of <0.05
was considered significant.
Results
Cell numbers
Induction of immune-mediated mesangial cell lesion caused a
progressive rise of total cell number in the nephritic glomerulus.
Total cell number reached a maximum of 523 11 cells per
glomerulus three days after induction of the nephritis compared
with 237 10 cells in controls.
Single cell preparations revealed a highly purified population
of glomerular macrophages with a purity of >95% of adhesive
cells. We didn't find contamination with neutrophils. The cells
stained positive with an anti-ED 1 antibody (Fig. 1).
In control rats treated with non-immune rabbit-IgG 8.8 0.9
macrophages were present per glomerulus. The number of
macrophages derived from nephritic glomeruli significantly
increased beginning at five hours after ATS. The maximum of
macrophage infiltration was present at 24 hours after ATS with
35.9 5.1 cells per glomerulus. Eight days after induction of
the nephritis the number of macrophages was still elevated with
21.5 2.0 cells per glomerulus (Fig. 2).
Superoxide production
Macrophages from nephritic glomeruli produced significantly
higher amounts of superoxide five hours after ATS (51.6 4.4
nmol 02—/106 macrophages/hr) when compared with controls
(30.4 2.0 nmol 02—/106 macrophages/hr). At later time points
the superoxide formation of macrophages returned to control
values (Fig. 3).
Without PMA no formation of superoxide in macrophages
from nephritic and control glomeruli was detectable. We
couldn't find any superoxide production of nonadhesive cells
derived from nephritic glomeruli, after stimulation with PMA.
Prostanoid production
After stimulation with PMA, macrophages of control glomer-
uli produced 950 125 pg PUB2 per 106 macrophages/hr. Under
the same conditions macrophages derived from nephritic gb-
meruli synthesized significantly less prostaglandin E2 five hours
after induction of the nephritis (629 43 pg PGE2/106 macro-
phages/hr). The differences at the other time points studied (2 hr
and 3 days) did not reach statistical significance (Fig. 4).
Thromboxane B2 formation, however, was significantly ele-
vated two hours and five hours after ATS injection (1056 75
1182 112 pg TxB2/106 macrophages/hr, respectively) when
compared with controls (390 + 34 pg TxB2/l06 macrophages/
hr). After three days TxB2 production declined to control
values (Fig. 5).
LTB4 formation after stimulation with PMA was undetect-
able in macrophages of control glomeruli and of nephritic
glomeruli 24 hours after ATS injection. Glomerular macro-
phages five hours after induction of nephritis, however, pro-
duced 824 183 pgIlO6 macrophages/hr.
Discussion
In the studied animal model we have earlier found increased
glomerular thromboxane B2 formation which mediates the
reduction of the glomerular filtration rate [7]. In addition
superoxide dismutase (SOD), which scavenges oxygen radicals,
also improves glomerular function in this disease model [25].
The increased glomerular thromboxane B2 formation in vivo
is mediated by the intraglomerular activation of the complement
system [7]. The relative contribution of the glomerular resident
or inflammatory cells to increased eicosanoid production, how-
ever, is not defined. Since the induction of this lesion is
followed by the infiltration of monocytes/macrophages in the
gbomerulus we assessed whether these cells could contribute to
increased eicosanoid and oxygen radical formation.
For this purpose monocytes/macrophages were isolated from
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Fig. 1. Monocyteslmacrophages are characterized by positive staining with monoc!onal antibody ED] as a specific marker for this cell type. Note
the typical cytosolic red granules.
nephritic glomeruli at different time points following the induc-
tion of the disease, and their in vitro generation for eicosanoids
and superoxide was evaluated.
The purity of the M/M obtained from nephritic glomeruli was
above 95%, when the monoclonal antibody ED 1, which is
directed against a cytoplasmic antigen of M/M, was used to
characterize the cells (Fig. 1).
The quantitative assessment of the M/M infiltration revealed
that compared with non-nephritic controls, nephritic glomeruli
contained significantly more M/M. The M/M infiltration reached
a maximum 24 hours after antibody injection. The number of
infiltrating inflammatory cells decreased to day 8, however,
they remained almost three times higher compared with the cell
numbers in control glomeruli.
The time course of M/M influx is according to histological
observations in this model, which showed an early influx of
M/M within 48 hours and a gradual subsiding thereafter [7, 26,
27].
This is the first quantitative measurement of M/M infiltration
in this model of mesangial cell injury. The degree of macro-
phage infiltration, however, seems to be relatively low com-
pared with other models of glomerulonephritis [14, 16, 17].
The technique of enzymatic isolation of M/M makes it
difficult to compare glomerular macrophages with blood mono-
cytes or resident macrophages from other tissues, since other
investigations [17] have shown that peritoneal macrophages can
lose their ability to generate superoxide and change the pattern
of prostanoid formation if they are exposed to enzymatic
treatment. We therefore used glomerular macrophages of rats
treated with non-immune rabbit-IgG as control cells, which
were collected with the same method of enzymatic digestion.
Therefore, in glomeruli, control macrophages will undergo the
same enzymatic treatment as the M/M from nephritic glomeruli,
which might minimize an artificial effect by the isolation proce-
dure. Furthermore, this method makes it unlikely that the
degree of contamination with nonglomerular blood monocytes
was different in both groups.
Under in vitro conditions M/M isolated from nephritic gb-
meruli synthesized more thromboxane B2 and leukotriene B4
and released greater amounts of superoxide compared with
cells from control rats. In vitro thromboxane formation of M/M
from nephritic glomeruli reached a maximum two and five hours
after in vivo antibody. Three days later, antibody thromboxane
formation returned to levels of M/M from control gbomeruli. It
is unclear which in vivo mediators stimulate the production of
TxB2, but several factors might be relevant and could be
activated during the inflammatory process [28]. Similar to
thromboxane, leukotriene B4 production of M/M was elevated
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Fig. 2. The number of macrophages derived from nephritic glomeruli
was significantly increased from five hours on after induction of the
nephritis(E2)compared with controls (LI). * <0.05, <0.001, ATS
versus IgG. The maximum of macrophage infiltration was present at 24
hours after ATS (35.9 5.1 cells per glomerulus) (N = number of
assays).
five hours after induction of the nephritis, whereas it wasn't
detectable later as well as in control macrophages.
The increase in M/M thromboxane and leukotriene formation
did not parallel the increase of glomerular cell infiltrates but
reached a maximum at an earlier time point. The increased
thromboxane and leukotriene formation, however, was associ-
ated with an increased formation of M/M superoxide release at
two and five hours. This formation could be interrelated, since
oxidation of arachidonic acid via cyclooxygenase and lipoxy-
genase pathway is associated with release of free oxygen
radicals [29].
An increased release of oxygen radicals by M/M was also
found in another model of glomerulonephritis [17], where
glomerular M/M produced slightly lower amounts of superoxide
at later time points following the induction of an immune
complex nephritis. Other investigators were able to demon-
strate increased superoxide production of glomerular macro-
phages without PMA stimulation in a rabbit model of an
autologous anti-GBM nephritis with spontaneously outgrown
M/M [161. In our experiments we were unable to find superox-
ide release without PMA stimulation. This could be due to the
previous enzymatic isolation procedure. Additionally, the con-
centration of MM per test dish was relatively low, so that a low
spontaneous generation of superoxide might not be detectable.
We couldn't find any superoxide formation in glomerular resi-
dent cells. Thus we suppose that monocytes/macrophages are
the major source of superoxide generation in the glomerulus in
normal as well as in nephritic stages.
2hr 5hr 24hr 3day 8day
Fig. 3. Macrophages from nephritic glomeruli produce significantly
higher amounts of superoxide at five hours after A TS when compared
with controls (*P <0.05). Symbols are: (LI) IgG; (Eli) ATS. At later time
points superoxide formation returned to control values (N = number of
assays).
In contrast to thromboxane B2 and leukotriene B4 M/M from
nephritic glomeruli released significantly smaller amounts of
prostaglandin E2 at five hours and three days after antibody,
when compared with cells from non-nephritic controls. Thus a
shift exists in the formation of eicosanoids to a more pro-
nounced formation of thromboxane B2 and leukotriene B4 with
reduction of prostaglandin E2. The reduction of POE2 formation
in glomerular macrophages is in contrast to earlier observations
in this animal model. ln whole glomeruli POE2 formation was
unaltered up to 48 hours after antibody injection [7]. However,
both experimental conductions are probably not entirely com-
parable since in whole glomeruli resident glomerular cells are
major sources of PGE2 formation. Thus it might be possible that
stimulated PGE2 formation in resident glomerular cells nullifies
the inhibition in macrophages which could result in no change in
whole glomeruli.
The alterations of eicosanoid synthesis in glomerular macro-
phages might influence immunological reactions in the glomer-
ulus, since prostaglandin E2, which imposes several suppres-
sive effects on the immune system 130, 31], is decreased in favor
of the immunopromoting thromboxane B2 [3, 32] and leukotri-
ene B4 [33, 34].
Besides these potential effects on glomerular immunoregula-
tion, the imbalance in eicosanoid formation might alter glomer-
ular hemodynamics. We have earlier demonstrated that in-
creased glomerular thromboxane B2 causes reduction of GFR in
this animal model [7]. There was additional evidence in these
investigations that glomerular monocytes/macrophages might
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In summary, in immune-mediated mesangial cell injury in
rats, monocytes/macrophages isolated from nephritic glomeruli
produce increased amounts of superoxide, thromboxane B2 and
leukotriene B4, whereas prostaglandin E2 is decreased. These
alterations might contribute to the hemodynamic and structural
lesions in this model of glomerular injury.
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